Immunotherapeutic strategies are emerging as promising therapeutic approaches in multiple myeloma (MM), with several monoclonal antibodies in advanced stages of clinical development. Of these agents, CD38-targeting antibodies have marked single agent activity in extensively pretreated MM, and preliminary results from studies with relapsed/refractory patients have shown enhanced therapeutic efficacy when daratumumab and isatuximab are combined with other agents. Furthermore, although elotuzumab (anti-SLAMF7) has no single agent activity in advanced MM, randomized trials in relapsed/refractory MM have demonstrated significantly improved progression-free survival when elotuzumab is added to lenalidomide-dexamethasone or bortezomib-dexamethasone. Importantly, there has been no significant additive toxicity when these monoclonal antibodies are combined with other anti-MM agents, other than infusion-related reactions specific to the therapeutic antibody. Prevention and management of infusion reactions is important to avoid drug discontinuation, which may in turn lead to reduced efficacy of anti-MM therapy. Therapeutic antibodies interfere with several laboratory tests. First, interference of therapeutic antibodies with immunofixation and serum protein electrophoresis assays may lead to underestimation of complete response. Strategies to mitigate interference, based on shifting the therapeutic antibody band, are in development. Furthermore, daratumumab, and probably also other CD38-targeting antibodies, interfere with blood compatibility testing and thereby complicate the safe release of blood products. Neutralization of the therapeutic CD38 antibody or CD38 denaturation on reagent red blood cells mitigates daratumumab interference with transfusion laboratory serologic tests. Finally, therapeutic antibodies may com
Introduction
In the last decade, survival of multiple myeloma (MM) patients has markedly improved. 1 However, despite this progress, patients with disease refractory to both immunomodulatory drugs (IMiDs) and proteasome inhibitors have a median overall survival (OS) of only 9 months, 2 highlighting the need for additional agents with novel mechanisms of action in this setting. 3, 4 Monoclonal antibodies (mAbs) are an important new class of agents, and results from recent clinical trials are very promising in MM. [5] [6] [7] In this review, we will specifically focus on daratumumab (anti-CD38), which was approved in November 2015 by the US Food and Drug Administration (FDA) for treatment of MM patients who have received $3 prior therapies including a proteasome inhibitor and an IMiD or who are double-refractory to these drugs. We will also focus on other antibodies that have entered advanced stages of clinical testing including elotuzumab and the CD38-targeting antibodies isatuximab and MOR202. We will not discuss CD38-specific antibodies in preclinical development, such as Ab79 and Ab19 (Takeda). With the increased application of antibody-based therapies in MM, clinicians will now have to manage antibody-related adverse events, such as infusion-related reactions (IRRs). Furthermore, because many laboratory tests are based on specific antibody-antigen interactions, interference of therapeutic antibodies is increasingly being recognized. This includes interference of therapeutic antibodies with serum protein electrophoresis (SPEP), immunofixation electrophoresis (IFE), flow cytometric detection of minimal residual disease (MRD), and blood compatibility testing.
We will first review the mechanisms of action and clinical activity of these antibodies and then describe the management of clinically relevant adverse events, as well as the handling of interference of therapeutic antibodies with laboratory tests.
antibody-dependent cell-mediated cytotoxicity (ADCC), and antibodydependent cellular phagocytosis (ADCP) (Figure 1) . 5, 8, 9 Importantly, they may also have direct effects via modulation of the activity of the targeted antigen.
Elotuzumab is a humanized immunoglobulin (Ig)G1-k antibody targeting signaling lymphocytic activation molecule F7 (SLAMF7, also called CS1). SLAMF7 is expressed on MM cells, natural killer (NK) cells, and a subgroup of other immune cells. The mechanisms of action by which elotuzumab exerts its antitumor effects include ADCC 10 and inhibition of the interactions between MM cells and stromal cells, 11 but not CDC. 11 In addition, elotuzumab directly enhances NK cell cytotoxicity via SLAMF7 ligation. 12 Daratumumab (IgG1-k; fully human), isatuximab (SAR650984; IgG1-k; chimeric), and MOR202 (IgG1-l; fully human) are CD38-targeting antibodies. CD38 is highly and ubiquitously expressed on MM cells and at low levels on normal lymphoid and myeloid cells. 13 CD38 is a transmembrane glycoprotein with ectoenzymatic activity in the catabolism of extracellular nucleotides. 14, 15 Other functions include receptor-mediated adhesion by interacting with CD31 or hyalunoric acid, regulation of migration, and signaling events. [15] [16] [17] [18] The CD38-targeting antibodies kill MM cells via CDC, ADCC, ADCP, direct induction of apoptosis, and modulation of CD38 ectoenzyme function.
19-28 Interestingly, although these antibodies target the same antigen and induce similar amounts of ADCC, marked differences in other effector functions such as CDC, ADCP, direct induction of apoptosis, and inhibition of CD38 ectoenzyme activity were observed when comparing different CD38 antibodies. 19, 20 It is currently unknown whether these differences in mechanisms of action translate into differential clinical activity.
Summary of the clinical results

Activity of mAbs as single agent
Elotuzumab is well tolerated, with adverse events primarily infusion related, but has no single agent activity in advanced MM. 29 This contrasts with the CD38-targeting antibodies daratumumab and isatuximab, which have significant activity as monotherapy, although thus far the same degree of activity is not seen with MOR202 (Table 1) . [29] [30] [31] [32] [33] [34] In the first-in-human study with daratumumab (GEN501), the maximum tolerated dose (MTD) was not reached with dose levels up to Subsequent cytotoxicity is mediated through $2 different mechanisms; one involving the release of perforin and granzymes from effector cells and the other involving death ligands FasL and tumor necrosis factor-related apoptosis-inducing ligand. In ADCP, phagocytosis of tumor cells is mediated by macrophages. CDC is dependent on the interaction of the antibody Fc domains with the classic complement-activating protein C1q leading to activation of downstream complement proteins, which results in the assembly of the membrane attack complex (MAC), that punches holes in the tumor cells. An additional result of this cascade is the production of chemotactic complement molecules C3a and C5a, which recruit and activate immune effector cells. There is also evidence that uptake of antibody-opsonized tumor cells and cellular fragments by antigen-presenting cells is associated with enhanced antigen presentation leading to tumor-specific T-cell responses. Monoclonal antibodies that target antigens on MM cells may also have direct effects via modulation of the activity of the targeted antigen. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From 24 mg/kg. In the phase 2 part of this study, at least a PR was achieved in 36% of extensively pretreated patients (median, 4 prior therapies) who received daratumumab at a dose of 16 mg/kg. 30 The median PFS was 5.6 months and 1-year OS was 77%. The Sirius study (median, 5 prior therapies) confirmed these results with at least a PR in 29% and stringent CR in 3% of patients treated with 16 mg/kg daratumumab. Importantly, at least a PR was achieved in 21% of patients who were refractory to bortezomib, lenalidomide, pomalidomide, and carfilzomib. 31 This suggests that mechanisms of resistance toward prior therapies do not affect the susceptibility of MM cells to daratumumab. In the Sirius study, the median PFS was 3.7 months with a 1-year OS of 65%. 31 Daratumumab was well tolerated, with infusion reactions as the most frequent adverse events. 30, 31 Based on these data, the FDA granted, in November 2015, accelerated approval for daratumumab to treat MM patients who have received $3 prior treatments including a proteasome inhibitor and an IMiD or who are double-refractory to a proteasome inhibitor and an IMiD.
A phase 1 dose-escalation study with diverse CD38-positive hematologic malignancies, including 34 relapsed/refractory MM patients, evaluated the safety and efficacy of isatuximab. The MTD was not reached with dosing up to 20 mg/kg. In the subgroup of MM patients (median of 6 prior lines of therapy, n 5 18), isatuximab at a dose of $10 mg/kg was well tolerated and induced at least a PR in 33% including CR in 11%. 32, 33 MOR202 is currently being evaluated in an ongoing phase 1 doseescalation study with relapsed/refractory MM patients with a median of 4 prior treatments. MOR202 was well tolerated, and the MTD has not been reached. In early cohorts, long-lasting tumor control was observed. 35, 36 Combination therapy in relapsed/refractory MM Because mAbs have a favorable toxicity profile and distinct mechanisms of action, when compared with established anti-MM agents, mAbs are attractive partners in combination regimens. 5 Combinations with IMiDs. Preclinical evidence shows that lenalidomide enhances anti-MM activity of elotuzumab and CD38-targeting mAbs via activating the effector cells of ADCC, 11, 22, 26, [37] [38] [39] [40] [41] which formed the rationale for the clinical evaluation of these combinations ( Table 2) . [42] [43] [44] [45] [46] [47] Elotuzumab plus lenalidomide-dexamethasone was well tolerated with encouraging response rate in a phase 1 study and phase 2 study. [48] [49] [50] This led to the initiation of a randomized phase 3 trial (ELOQUENT-2) in relapsed/refractory MM (1-3 prior therapies), which showed that elotuzumab (10 mg/kg) combined with lenalidomide-dexamethasone improved median PFS compared with lenalidomide-dexamethasone alone (19.4 vs 14.9 months). 42 This PFS benefit was consistent across key subgroups, including patients $65 years of age, with del(17p), or with a creatinine clearance of ,60 mL/min. 42 Also, the overall response rate was higher in the elotuzumab group compared with the control group (79% vs 66%). 42 After adjustment for drug exposure, rates of infection were equal in the 2 treatment arms. However, there was an increased rate of herpes zoster infection in the elotuzumab group (incidence per 100 patient-years, 4.1 vs 2.2). The underlying cause is currently unknown, but the increased herpes zoster frequency may be related to the more frequent grade 3/4 lymphopenia in elotuzumab-treated patients (77% vs 49%). 42 Change from baseline for diverse lymphocyte subgroups has not been reported. Rates for grade 3/4 anemia, thrombocytopenia, neutropenia, cardiac disorders, and renal disorders were similar between both groups. 42 Based on these data, the FDA approved in November 2015 elotuzumab in combination with lenalidomide and dexamethasone for the treatment of patients with MM who have received 1-3 prior therapies.
Preliminary results from an ongoing phase 1/2 study of daratumumab with lenalidomide-dexamethasone in relapsed/refractory MM showed a high response rate that improved over time (phase 2 part with 16 mg/kg daratumumab, $PR: 88%; CR: 25%). 44 Based on these results, a phase 3 randomized study, whose enrollment is now completed, compares lenalidomide-dexamethasone with or without daratumumab in the relapsed/refractory setting (Pollux trial). Similarly, preliminary data from a phase 1 trial showed that isatuximab in combination with lenalidomide-dexamethasone is effective and has a favorable toxicity profile. 47 Interestingly, response was also achieved in lenalidomide-refractory patients ($PR: 48%), which suggests that the immune system of these patients could still respond to the immunomodulatory effects of lenalidomide.
47 MOR202 will also be evaluated in combination with lenalidomide-dexamethasone. 35, 36 Because pomalidomide has potent immune stimulating activity, 51 it is another interesting partner drug for therapeutic antibodies. 28 A phase 1b study is currently enrolling patients to evaluate daratumumab combined with pomalidomide and dexamethasone in relapsed/ refractory MM. Preliminary data show high efficacy with at least a PR in 58% of double-refractory patients and little added toxicity. 46, 52 The combination of pomalidomide-dexamethasone with isatuximab or MOR202 will also be evaluated in relapsed/refractory MM. 36 Combinations with bortezomib. Preclinical studies showing that the efficacy of elotuzumab and CD38-targeting antibodies was enhanced by bortezomib formed the rationale for the clinical evaluation of the combination of bortezomib and a therapeutic antibody (Table 2) . 11, 37, 38, 53, 54 A phase 1 study in relapsed/refractory MM showed encouraging activity of elotuzumab combined with bortezomib with at least a PR in 48% of patients and median PFS of 9.5 months. 55 This study was followed by a randomized phase 2 trial that compared elotuzumab plus bortezomib-dexamethasone vs bortezomib-dexamethasone alone in MM patients with 1 to 3 prior therapies. 43 The median PFS was significantly longer in the elotuzumab group compared with the group of patients treated with bortezomib-dexamethasone alone (median PFS, 9.7 vs 6.9 months). Moreover, there was limited added toxicity when elotuzumab was combined with bortezomib-dexamethasone compared with bortezomib-dexamethasone alone. 43 Several studies are ongoing that evaluate the combination of a CD38-targeting antibody and bortezomib. This includes the phase 3 Castor study, which is enrolling relapsed/refractory MM patients to evaluate bortezomib-dexamethasone with or without daratumumab. Other ongoing studies in the relapsed/refractory setting will assess the addition of isatuximab or daratumumab to carfilzomib.
Newly diagnosed MM
Several trials are now evaluating the incorporation of elotuzumab, daratumumab, and isatuximab in backbone regimens for the treatment of both transplant eligible and elderly patients with newly diagnosed MM (Table 3) . Furthermore, these antibodies alone or in combination are also evaluated in high-risk smoldering MM (Table 4 ).
Resistance to antibody-based therapy
Therapeutic antibodies have impressive activity in MM, but there is marked heterogeneity in response. Furthermore, the majority of responding patients will eventually develop resistance to mAbs. 5, 56 Improved understanding of mechanisms that contribute to innate or For personal use only. on April 14, 2017. by guest www.bloodjournal.org From acquired resistance, may result in the rational design of new antibody-based combinations with higher anti-MM activity. Preclinical experiments showed that daratumumab-mediated ADCC and CDC are associated with CD38 expression on the tumor cells. 24 This presumably explains why patients who respond to daratumumab monotherapy have higher CD38 expression on their MM cells compared with nonresponders. 57 Interestingly, all-trans retinoic acid improves daratumumab-mediated ADCC and CDC by upregulation of CD38 expression, 24 suggesting that increasing target expression levels with all-trans retinoic acid may be a novel strategy to enhance the effectiveness of daratumumab. To what extent target expression is associated with response to other mAbs is currently under investigation. Downregulation of the target antigen during antibody therapy, as has been demonstrated for CD38, may contribute to development of acquired resistance. 57 The presence of soluble forms of CD38 58 and SLAMF7 11 may also affect outcome of antibody therapy. Similarly, development of anti-idiotype antibodies that neutralize the therapeutic antibody may be associated with reduced biological activity. Antidrug antibodies developed in 39% of patients treated with elotuzumab as single agent. 29 In the lower-dose groups, the development of these antibodies was more common, and their impact on elotuzumab serum concentrations was more pronounced. 29 In the ELOQUENT-2 study, 15% of patients tested positive for antidrug antibodies on $1 occasion. 42 Until now, anti-daratumumab (Dr K. Sasser, Janssen Pharmaceuticals, written communication, November 2, 2015) and anti-isatuximab antibodies were not detected. 32 Furthermore, only 1 of 50 MOR202-treated patients developed a transient anti-MOR202 antibody response. 34 Subgroup analysis suggests that mAbs are also active in patients with high-risk cytogenetics. Daratumumab induced at least a PR in 20% of patients with high-risk cytogenetics. 31 Furthermore, addition of elotuzumab to lenalidomide-dexamethasone also improved the outcome of patients with del(17p), t(4;14), and aml(1q). 42 However, these subgroups involve small numbers of patients, and further analysis is needed to assess the impact of high-risk cytogenetics on outcome with antibody-based therapies.
Other factors that may influence clinical activity of therapeutic antibodies in MM include expression levels of complementinhibitory proteins on MM cells, 57 frequency and activity of effector cells, 24 and immunogenetic factors contributing to effector cell function such as Fcg receptor polymorphisms, 5 as well as KIR and HLA genotypes. 59 
Management of adverse events General considerations
Although CD38 and SLAMF7 expression is not restricted to MM cells, these mAbs have a very favorable toxicity profile, with IRRs as the most common side effect. Importantly, tolerability of elotuzumab and (Table 5) . Currently available data suggest that renal impairment does not affect the pharmacokinetics of mAbs. 60,61 Therefore, we expect that in the case of renal impairment, dose reduction of CD38-and SLAMF7-targeting antibodies will not be necessary. However, until now, no data are available for patients with severely reduced renal function. Importantly, studies with daratumumab and elotuzumab in patients with severe renal impairment are ongoing.
Infusion-related reactions
Characteristics of infusion-related reactions. In the phase 1 study with single agent elotuzumab, IRRs occurred more frequently prior to the introduction of premedication. 29 Most infusion reactions with elotuzumab were grade 1 or 2 and consisted of pyrexia, chills, nausea, vomiting, flushing, dyspnea, cough, headache, dizziness, rash, and hypertension. In elotuzumab-based combinations, infusion reactions occurred in only 7% to 10% of patients with preinfusion prophylaxis with dexamethasone, antihistamines, and acetaminophen. 42, 43, 50 Across all these studies, most infusion reactions (;70%) occurred with the first dose of elotumzumab. Only 1% of patients in the ELOQUENT-2 study and no patients in the elotuzumab-bortezomib-dexamethasone study had to discontinue therapy because of infusion reactions. 42, 43 For patients who tolerated the infusion at 2 mL/min, the flow rate was progressively increased to a maximum of 5 mL/min (infusion time ,1 hour) in both studies.
Regarding daratumumab infusions, after antihistamines, acetaminophen, and corticosteroids as premedication, IRRs were recorded in 43% to 71% of patients in the monotherapy trials, with most reactions during the first daratumumab infusion. 30, 31 Infusion reactions were mainly grade 1 to 2 and characterized by rhinitis, pharyngitis, pyrexia, chills, vomiting, cough, and transient bronchospasm leading to dyspnea. 30, 31 Analysis of the different infusion regimens suggested that infusion rate is a factor that influences the development of infusion reactions. 30 In the GEN501 and Sirius studies, there was no treatment discontinuation because of infusion reactions. 30 Duration of the first daratumumab infusion is ;6 to 7 hours, but this was reduced to 3.3 hours by the third infusion. 30 Infusion reactions following administration of isatuximab with preinfusion medication consisting of corticosteroids, antihistamines, and acetaminophen had similar clinical characteristics compared with daratumumab. 32 Infusion reactions occurred in 43% of the patients with the first infusion of isatuximab at a dose of $10 mg/kg, and they were predominantly grade 1 to 2. 32 In the combination of isatuximab with lenalidomide-dexamethasone, infusion-related reactions were observed in 38.7% of patients, predominantly at cycle 1. Grade 3 infusion reactions developed in 2 patients, resulting in treatment discontinuation. 47 Herpes zoster prophyaxis should be considered.
It is recommended to screen patients for HIV, HBV, and HCV before start of therapy. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From IRRs (mainly grade 1-2 and mostly during first infusion) occurred in 40% of patients receiving MOR202 with acetaminophen and antihistamines as premedication (2-hour intravenous infusion), 35, 36 whereas only 1 of 15 patients (7%) developed an IRR when dexamethasone was added.
34,35
Management of infusion-related reactions. Adequate and timely management of IRRs is important to prevent the development of more serious toxicity and discontinuation of mAb treatment. MM patients treated with mAbs should receive premedications 30 to 60 minutes before the administration of the therapeutic antibody. We recommend to monitor patients for early signs and symptoms of IRRs, especially during the first infusion. In case an IRR develops, the infusion should be temporarily interrupted, and treatment with extra corticosteroids or antihistamines should be given according to the physician's discretion. b-2 Adrenergic agonists, administered by inhalation, may be helpful when the patient develops bronchospasm, and intravenous fluids should be administered in the case of hypotension. When the symptoms of the IRR have resolved, the infusion can be restarted at a lower infusion rate than the infusion rate prior to the reaction. After restart, the infusion rate can be increased depending on the patient's condition. Patients experiencing respiratory events, which occur more frequently with CD38-targeting antibodies, may benefit from pre-and postinfusion prophylaxis with a bronchodilator, or in the case that patients have concomitant asthma or chronic obstructive pulmonary disease (COPD), additional medication, such as inhalation corticosteroids, to control their lung disease. It is also critically important that nurses are provided with knowledge and skills to recognize and manage infusion reactions.
Emerging problems with monoclonal antibodies in MM: laboratory interference
Interference of the therapeutic antibody with several laboratory tests may create problems with response evaluation, plasma cell analysis with multiparametric flow cytometry, and blood compatibility testing. The next section reports on these emerging problems and discusses how to manage them (Table 6 ).
Interference with SPEPs and IFE assays
Characteristics of interference with SPEP and IFE assays. SPEP is used for the recognition and quantification of M-proteins, whereas IFE is required to determine the M-protein isotype and for confirmation of CR. 62, 63 Importantly, daratumumab can be detected as an individual monoclonal band in SPEP and serum IFE in the cathodal end of the g region. 30, 64 Comigration of daratumumab with the patient's M-protein may lead to a small absolute overestimation of the concentration of the original M-protein, because pharmacokinetic studies have shown that daratumumab peak plasma concentrations may reach up to 1 g/L. Because daratumumab migrates to the cathodal end of the g region, it is expected that this mAb preferentially comigrates with IgG M-proteins, whereas other M-protein isotypes migrate more toward the anode. [65] [66] [67] More importantly, comigration of daratumumab (IgG1-k mAb) with IgG-k M-proteins can mask clearance of the endogenous M-protein by serum IFE, which is necessary for documentation of CR. It is expected that ;50% of IgG-k M-proteins comigrate with daratumumab, whereas the other M-proteins migrate at a different position than daratumumab and are easily identifiable. 67 Finally, in all patients treated with daratumumab, the appearance of a new IgG-k band may represent daratumumab and should not be misinterpreted as disease recurrence, development of a new plasma cell malignancy, or development of a secondary monoclonal gammopathy of undetermined significance (new monoclonal band on IFE or SPEP that is different from the original M-protein and reflects a strong humoral immune response 68 ). Similarly, elotuzumab could be detected in SPEP (early g region) and IFE with good specificity and sensitivity in samples from patients treated with elotuzumab, indicating that CR rates could have been underestimated (Figure 2) . 69, 70 Indeed, in the ELOQUENT-2 study, the CR rate was lower in the elotuzumumab group than in the control group (4% vs 7%). 42 Similarly, in the randomized phase 2 study evaluating the elotuzumab-bortezomib-dexamethasone combination, CR rates in both groups were similar (4% and 4%). Altogether, this indicates that it is likely that CR rates in elotuzumab studies are underestimated due to interference from therapeutic antibody in SPEP and IFE assays.
Other antibodies (eg, ofatumumab, rituximab, siltuximab, trastuzumab, bevacizumab, infliximab, cetuximab, natalizumab, and adalimumab) can also be detected by SPEP and IFE. [71] [72] [73] The majority For personal use only. on April 14, 2017. by guest www.bloodjournal.org From of these IgG-k antibodies electrophorese in the middle of the g region, whereas rituximab and trastuzumab migrate toward the cathode. 71, 72 These monoclonal components disappear gradually after completion of antibody therapy. 71, 73 Clinicians should be aware of potential detection of therapeutic antibodies to prevent additional laboratory testing to exclude an underlying plasma cell disorder in these cases.
Management of interference of therapeutic antibodies with SPEP and IFE assays. Altogether, this clearly indicates that mitigation strategies are needed to remove interference of the therapeutic antibody to ensure correct response classification. The issue of interference between daratumumab and endogenous M-proteins with overlapping migration in SPEP and IFE tests was addressed by developing DIRA. 67 In this assay, interference was mitigated by using a mouse-anti-daratumumab antibody, which binds daratumumab and shifts the migration of daratumab away from the M-protein on immunofixation. 64, 67 DIRA should be performed in cases where patients with IgG-k M-protein have achieved a deep response to therapy (M-protein ,2 g/L), when SPEP is no longer sensitive enough, to determine whether residual IgG-k on IFE is caused by daratumumab or endogenous M-protein (Figure 3) . 64 When DIRA demonstrates complete serologic response, additional testing, including bone marrow examination and free-light chain measurements, should be done to confirm CR or stringent CR. 64 A similar shift assay was developed for siltuximab, 71 and new assays are under development for elotuzumab, isatuximab, and MOR202 (written communication: Dr E. Bleickardt, BMS, September 29, 2015; Dr S. Janssen, Sanofi, September 29, 2015; and Dr S. Haertle, MorphoSys, September 24, 2015). It is important to provide the laboratory with information when a MM patient receives antibodybased therapy.
Interference with plasma cell identification by multiparametric flow cytometry Flow cytometry is used for the quantitation of normal and neoplastic plasma cells at presentation and follow-up, including MRD monitoring. [74] [75] [76] [77] [78] [79] [80] [81] This requires optimized combinations of phenotypic markers to reach high specificity and sensitivity. In antibody panels, CD38 is used as a surface marker combined with CD138 to enumerate the whole plasma cell compartment, whereas markers such as CD19, CD27, CD45, CD56, CD81, and CD117 in combination with cytoplasmic immunoglobulin k and l light chains are used to discriminate between normal and clonal plasma cells. 78, 82 CD38 has emerged as a highly valuable plasma cell identification marker. 82 However, daratumumab affects the availability of the epitope for binding of many commercially available CD38 antibodies, which makes the usage of CD38 unreliable for plasma cell identification in patients treated with CD38-targeting antibodies (Figure 4) . Furthermore, during therapy with daratumumab, there is a significant reduction of CD38 expression on residual MM cells, which persists for ;6 months after the last infusion. 57 Similarly, isatuximab 83 and MOR202 (Dr S. Haertle, MorphoSys, written communication, September 24, 2015) also interfere with binding of some commercially available CD38 antibodies. CD138-targeting antibodies and elotuzumab may also hamper the use of CD138 and CD319 as markers for the identification of plasma cells.
Importantly, HuMax-003, a recently developed CD38 mAb, binds to a different epitope compared with daratumumab, excluding the possibility that prior binding of daratumumab masks the detection of CD38. Thus, HuMax-003 may emerge as a useful reagent as part of a MM flow panel to analyze CD38 expression in daratumumab-treated patients (Figure 4) . Similarly, the CD38 antibody proposed in the EuroFlow-IMF antibody panel for MRD detection is not hindered by isatuximab or daratumumab (Dr A. Orfao, written communication, August 29, 2015) . Alternatively, new plasma cell identification markers, such as CD229, CD269 (BCMA), and CD319 (SLAMF7), 82, 84 may be used as a substitute for CD38 in flow cytometric analysis. Molecular assessment of MRD, such as next-generation sequencing, is not hampered by therapeutic antibodies.
Interference with blood compatibility testing Characteristics of interference with blood compatibility testing. Because CD38 is also weakly expressed on human erythrocytes, therapeutic CD38-targeting antibodies interfere with routine pretransfusion laboratory tests. [85] [86] [87] [88] The issue of interference and strategies to overcome the interference with blood compatibility testing has been studied in detail in the daratumumab trials 30, 85, 86 and will be discussed In the anti-elotuzumab assay, one of the anti-immunoglobulin antibodies (anti-IgM or anti-IgA) used to precipitate the immunoglobulins was replaced by an anti-elotuzumab antibody (2 mg/mL) with reactivity to an elotuzumab epitope. If elotuzumab is present in patient sera, the anti-idiotypic antibody-elotuzumab complex precipitates, and a band is detected. As elotuzumab is an IgG-k monoclonal antibody, elotuzumab is precipitated by anti-k and anti-g heavy chain antisera, and the 2 bands should align with the elotuzumab band. Indeed, the antielotuzumab assay, performed at cycle 34, detected elotuzumab in the IgG-k band. SIFE, serum immune fixation.
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For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From here. Importantly, interference is not restricted to CD38-targeting antibodies, but has also been observed for CD44 antibodies (N. Som, transfusion laboratory, VUmc, written communication, September 1, 2015) .
Although daratumumab does not interfere with ABO/RhD typing, 86 the plasma of daratumumab-treated patients is panreactive in routine serologic tests as a result of binding of daratumumab to CD38 on reagent erythrocytes. 85, 86 This includes positive antibody screens and panreactive plasma in erythrocyte panel testing (positive indirect antiglobulin test). 85, 86 Reactions remained positive for 2 to 6 months after the last daratumumab infusion. 85 Because of the interference of daratumumab with the indirect antiglobulin test, detection of irregular antibodies in the patients's plasma is masked for up to 6 months after the last daratumumab infusion (Figure 5A-B) . This interference can prevent transfusion laboratories from completing routine pretransfusion testing, and therefore it complicates the selection of suitable blood products for daratumumab-treated patients. 85, 86 However, until now, no major transfusion-related events were observed when daratumumab-treated patients received a blood transfusion. 85 Importantly, interference with routine laboratory tests used in blood transfusion medicine is a class effect of the CD38-targeting antibodies, because red blood cell agglutination was also observed with isatuximab and MOR202. 85 Management of interference with blood compatibility testing. Standard transfusion laboratory techniques, including multiple rounds of adsorption with untreated or ZZAP (mixture of cysteine-activated SPEP analysis. Therefore, the DIRA assay was performed, which was positive, indicating that this patient had achieved a very good partial response. (C) Example from a patient with k light chain MM, who was treated with daratumumab. This patient developed an IgG-k band of 0 to 1 g/L at the end of the first cycle. The DIRA assay was performed at cycle 11 because of normalization of k light chains with normal free light chain ratio. The DIRA assay was negative, which triggered bone marrow examination and showed no clonal plasma cells. Therefore, this patient had achieved stringent CR. The new IgG-k band, which shifted after adding the anti-daratumumab antibody, represents daratumumab. anti-id, anti-idiotype.
proteolytic papain and dithiothreitol)-treated red blood cells (RBCs), failed to remove the panreactivity from the plasma of daratumumabtreated patients. 86 However, 2 potential methods to negate daratumumab interference in blood compatibility testing are in development, which can be used in transfusion laboratories to prevent potential blood transfusion problems ( Figure 5C-D) .
A recent study showed that daratumumab interference in pretransfusion tests could be negated by denaturation of surface CD38 from reagent RBCs by using the reducing agent dithiothreitol. 86 This allows the identification of underlying clinically significant alloantibodies against RBCs in the presence of daratumumab. 86 An important disadvantage of this technique is the disruption of other dithiothreitolsensitive blood group systems, including KEL, YT, and DO. 86 Missing alloantibodies against these blood group antigens may lead to clinically significant hemolytic reactions.
The second approach is the inhibition of daratumumab binding to CD38 on erythrocytes by neutralizing daratumumab in plasma samples from daratumumab-treated patients with a mouse-antidaratumumab antibody. 85, 86 This eliminates the panreactivity in antibody screens and other pretransfusion tests of daratumumabcontaining plasma and allows the identification of clinically significant alloantibodies and safe release of blood products for these patients. 85, 86 Recombinant soluble CD38 (rsCD38) also blocks interference by daratumumab and may therefore be useful as alternative to mouse-anti-daratumumab. 85 Application of rsCD38 may also negate interference of other CD38-targeting antibodies in blood compatibility testing. 85 Denaturation of CD38 by dithiothreitol has its limitations and, although daratumumab neutralization is a simple technique, at this moment, mouse-anti-daratumumab antibody and rsCD38 are not widely available. Furthermore, additional clinical validation of these assays is needed. Therefore, we currently recommend to perform extensive RBC antigen phenotyping before the patient receives the first infusion of daratumumab or another CD38-targeting antibody. 85 Figure 4. Daratumumab masks the detection of CD38 with commercially available anti-CD38 flow cytometry antibodies. (A) Representative dot plots showing expression of CD38 on BM-localized MM cells (blue) by using a commercially available anti-CD38 flow cytometry antibody before start of daratumumab therapy (left dot plot) and after 10 infusions of daratumumab (right dot plot). The right dot plot demonstrates that, in daratumumab-treated patients, the CD38 antigen cannot be detected by flow cytometry with commercially available anti-CD38 antibodies due to epitope occupancy of the therapeutic antibody. (B) Dot plots from the same patient showing expression of CD38 on BM-localized MM cells (blue) by using the newly developed anti-CD38 monoclonal antibody, HuMax-003, which binds to a different epitope compared with daratumumab. This excludes the possibility that binding of daratumumab masks the detection of CD38. The left dot plot is obtained before start of daratumumab therapy and the right dot plot after 10 daratumumab infusions. These dot plots also illustrate that during daratumumab treatment, there is significant reduction of CD38 expression on residual MM cells. BLOOD, 11 FEBRUARY 2016 x VOLUME 127, NUMBER 6 THERAPEUTIC ANTIBODIES IN MULTIPLE MYELOMA 691
RBC genotyping is an alternative to phenotyping, but associated with higher costs. After transfusion of donor erythrocytes, phenotyping is impossible during a period of 3 months, and blood group antigens should be determined by molecular techniques (genotyping). RBC antigen genotyping is also required when the patient has already received treatment with CD38 antibodies. If the patient subsequently requires a blood transfusion in an elective situation, we recommend selection of RBC units that are compatible for clinically relevant blood group antigens (ie, D, C, c, E, and e, and Kell, Kidd, Duffy, and MNS antigens), based on the earlier phenotyping/genotyping results. This will prevent the development of irregular antibodies against these blood groups or hemolytic transfusion reactions in case of presence of such alloantibodies. 85 This approach, however, is time-consuming and does not exclude the presence of other irregular antibodies due to the interference of CD38-targeting antibodies in laboratory tests. In case of an acute and life-threatening situation, we recommend selection of ABO/RhD-compatible RBC units that are compatible to as many previously determined other blood group antigens as possible. During transfusion, the patient should be strictly monitored for (hemolytic) transfusion reactions. Blood group O RhD-negative red cells should be issued in emergency situations, where life-saving transfusion is required.
Conclusion and future directions
In summary, the recent development of elotuzumab and selected CD38-targeting antibodies has proven transformative in MM. These mAbs are generally well tolerated and have marked activity either as a single agent and/or in combination with other anti-MM agents in relapsed/ refractory MM. Moreover, preliminary results from phase 1 and 2 trials with several other antibodies and antibody-drug conjugates are very encouraging. [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] Given their unique mechanism of action as well as favorable tolerability, this new class of agents offers tremendous promise in further improving patient outcome in MM. The treatment of MM patients with antibody-based therapies will thus be a valuable approach in the relapsed/refractory setting especially in combination and should prove important for patients with newly diagnosed disease. 
